Abstract-Very high resolution power sensors are required for measuring the rate of heat production (~10 µW) of small samples of heart muscle (rat cardiac trabeculae, ~2 mm long and ~200 µm diameter). In this paper, we examine the design criteria for thermopiles to maximize their signal-to-noise ratio for heat balance calorimetry. We found that those thermopiles with a high thermoelectric figure-of-merit (ZT) are the best for power measurements. An initial prototype with a resolution of 53 nW has been built.
INTRODUCTION
Heat balance calorimeters are a special class of calorimeters for power measurement. These calorimeters measure the change in temperature of a flowing fluid to infer the rate of power output of a heat source [1] , [2] . Heat balance calorimeters are often used in systems where the heat source is temperature-dependent because the fluid flow keeps the source at an approximately constant temperature [3] .
Heat balance calorimeters are ideally suited for measuring the heat output of physiological tissue samples such as muscle fibers. In addition to regulating the tissue temperature, the fluid flow allows the tissue to be kept viable by supplying it with oxygen and nutrients, and by removing waste products [4] . However, for the tissue to remain viable, it must be sufficiently thin for diffusion to supply all of its parts with sufficient oxygen and nutrients [5] , [6] .
The Auckland Bioengineering Institute (ABI) has developed a heat balance calorimeter that measures the rate of heat production of a living cardiac muscle preparation. The muscle preparation is sufficiently small (~2 mm long and ~200 µm diameter) to allow sufficient oxygen to be supplied via diffusion [6] . The disadvantage of such small preparations is that they have correspondingly diminutive rate of heat production (~10 µW) at room temperature. Fig. 1 shows a detail of the ABI calorimeter. The muscle preparation is held between two platinum hooks in the center of a 1 mm inner dimension square borosilicate glass capillary. The upstream hook is attached to a motor and the downstream hook is attached to a force transducer to allow control and measurement of the muscle length and force production. Oxygenated Tyrode's fluid flows through the capillary tube past the muscle [7] . At a flow rate of 0.5 µl/s the heat output of the muscle raises the fluid temperature by ~1.3 mK, which is sensed by an array of thermopiles upstream and downstream of the muscle. The ABI calorimeter has a signal-to-noise ratio (SNR) of 140, which is insufficient to adequately capture changes in the thermodynamics during some test protocols. Higher resolution power measurements should be possible through careful selection of the thermopile modules used for temperature measurement.
A number of groups have investigated the use of thermopiles for heat balance calorimetry [8] - [10] . These groups focused on creating thermopiles with high thermal resistances and high temperature sensitivities. A resolution of 50 nW over a 1 Hz bandwidth was obtained using these thermopiles [11] . The resolution typically was limited by environmental temperature fluctuations, therefore the thermal resistance and the sensitivity were maximized with no concern for the increased noise due to an increase in electrical resistance [8] , [11] . However, the ABI calorimeter has been found to have sufficiently stable temperatures that Johnson noise is the limiting factor on the resolution [12] . The objective of this paper is to develop a holistic model of calorimeter performance incorporating both the sensitivity and the inherent noise of thermopiles, and to use it to evaluate possible transducers for a next-generation calorimeter.
II. MODELING

A. Analytical Model
A simple lumped-parameter analytical model was used to investigate how various thermopile parameters affect the SNR. This model examined the heat path between the fluid and the copper housing across the downstream thermopile as shown in fig. 2 .
A steady-state model with adiabatic boundaries was created, with heat only permitted to flow through the thermopile and fluid outlet. There was assumed to be no heat conduction in the x direction except via the thermopile substrate, which was assumed to be a perfect conductor. The substrate's thermal conductivity was 20-fold higher than any of the other components in the system with the exception of the copper housing. The fluid temperature was assumed to be constant in y and z and the copper housing was taken to be a perfect heat sink. All temperatures are given relative to the housing, and the inlet fluid temperature is equal to that of the housing.
The temperature difference between the fluid and the substrate at any point may be found by performing a heat balance analysis on the infinitesimally thin section (in the x direction) of the fluid. The resulting temperature profile is given by (1) where T f and T s are the fluid and substrate temperature, respectively, x is the distance from the start of the thermopile, ṁ is the fluid mass flow rate, C p is the fluid specific heat capacity, X is the total length and R g is the absolute thermal resistance of the glass. The rate of energy entering the fluid volume is equal to the rate of energy output of the muscle, i.e.,
The substrate temperature may be found by considering a heat balance across the total fluid volume above the thermopile. Solving for the substrate temperature gives
where R p is the absolute thermal resistance of the pillars and
ε is the heat exchanger effectiveness and reflects the efficiency of heat transfer between the fluid and the substrate if the substrate is assumed to be a heat sink, i.e. R p is zero [13] .
Given the model assumptions, the temperature difference across the pillars (dT) is equal to the substrate temperature. The dependence of dT on the absolute thermal resistance of the pillars and the glass is shown in fig. 3 . The temperature difference is maximized by using a system with a high combined pillar thermal resistance and a low glass thermal resistance.
The temperature difference could be maximized by using a single thermocouple with extremely thin, extremely high pillars. The resulting sensor, however, would have a low sensitivity and a high resistance, thus suffering from high Johnson noise. It is therefore more useful to consider the SNR.
The signal may be estimated from multiplying the temperature difference by the number of thermocouples (n) and the Seebeck coefficient (S) of each thermocouple. The dominant noise source in thermocouples is typically Johnson noise [14] . Therefore, the SNR may be found by dividing the expected voltage difference by the Johnson noise, such that
where k B is the Boltzmann constant, T is the absolute temperature, R e is the electrical resistance and Δf is the measurement bandwidth.
Combining (2) and (4), as well as the electrical resistance as a function of the number of thermocouples, the ratio of pillar area (A p ) to height (Z p ) and the pillar's electrical resistivity (ρ) gives where κ p is the thermal conductivity of the pillars.
The dependence of the SNR on the number of pillars and their form factor was examined in fig. 4 . The maximum SNR is independent of the pillar geometry.
The maxima occur at the same pillar thermal resistances. Therefore, there is an ideal thermal resistance for any combination of volumetric flow rate and specific heat capacity of the fluid. The thermal resistance at which the maximum occurs depends on R g but the effect is minimal over a relatively wide range. R g can be up to 30 % of R p with only a 5 % change in the value of R p at which the maximum SNR occurs. The dependence of the SNR on the product of the mass flow rate and the specific heat capacity for a range of pillar thermal resistances is shown in fig. 5 . Equation (4) can be rewritten as
where G p is the thermal conductance of the pillar layer and ZT is the dimensionless thermoelectric figure-of-merit often used in temperature control literature [15] . Z is the ratio of the Seebeck coefficient squared to the product of the resistivity and the thermal conductivity, and is closely linked to the efficiency of thermoelectric devices. A more efficient thermoelectric material therefore will also be a better power sensor.
The denominator of the second term in (5) is the phonon noise, a result of the random movement of energy carriers between the sensor and its environment [16] , [17] . The movement occurs even when the sensor is in equilibrium with the environment, thus reflecting the absolute limit on thermal power measurement.
A range of commercial thermopile modules were assessed using the analytical model. Table I lists the properties of the sensors, all of which use bismuth telluride thermocouples. Bismuth telluride is commonly used commercially as it has a high thermoelectric figure-of-merit (ZT = 0.80 at 25 °C). The SNR of these sensors is shown in fig. 6 as a function of the module length. The use of the same material means differences reflect changes in the sensors' absolute thermal resistances. Fig. 6 indicates that those thermopiles with few, tall pillars will have the highest SNR. Thermopiles with this design are typically used for temperature control rather than temperature sensing. Consequently, sensors that are efficient temperature controllers are also those most suited for power measurement. . Predicted signal-to-noise ratio (SNR) depending on the thermopile design used and the total module length. Filled symbols indicate whole modules rather than partial modules. The fluid flow rate was 0.5 µl/s, the muscle heat output was 10 µW and the measurement bandwidth was 5 Hz. . Predicted signal-to-noise ratio (SNR) across a thermopile depending upon the number of thermocouples and ratio of pillar area (A p ) to pillar height (Z p ). A p /Z p varies logarithmically from 10 nm to 1000 nm. The thermal resistance of the glass was 100 K/W, the fluid flow rate was 0.5 µl/s, the muscle heat output was 10 µW and the bandwidth was 5 Hz. Figure 5 . Predicted signal-to-noise ratio (SNR) for a range of thermal resistances of the pillars (R p ) and combinations of mass flow rate (ṁ) and specific heat capacity of the fluid (C p ). R p varies logarithmically from 10 2.5 K/W to 10 4 K/W. The thermal resistance of the glass was 100 K/W, the muscle heat output was 10 µW and the bandwidth was 5 Hz.
B. Finite Element Model
The analytical model makes a number of simplifying assumptions. The effects of the assumptions regarding heat loss to the air and upstream heat conduction were examined by using finite element models. The Watronix inbM1-8-1.3-0.4 module was modeled in Solidworks in connection with a fluidfilled capillary and a muscle heat source far upstream ensuring the fluid temperature was constant across its cross-section when it reached the muscle. The exposed walls of the capillary and thermopile were adiabatic except for the bottom surface of the thermopile, which was held at a constant temperature. Consequently, heat was only lost via the fluid outflow and through the thermopile. The finite element model gave the expected temperature difference across the thermopile, which was then used to calculate the SNR as limited by Johnson noise.
The analytical model gave a SNR of 9540 for a single Watronix inbM1-8-1.3-0.4 thermopile. The finite element model with no upstream sensor or heat loss to the air predicted a SNR of 6410. The difference between this result and the analytical result likely reflects the effect of axial heat conduction through the fluid and the glass as well as variations in fluid temperature across its cross-section. The next model included an air layer similar to that occurring in the calorimeter, allowing heat to flow from the capillary to the housing. The resulting heat loss through the air decreased the SNR to 4910. Another model did not include the air layer but, instead, included the upstream thermopile located 4 mm away from the downstream thermopile. The muscle was located between the two thermopiles and a SNR of 3810 resulted. However, a large component of the reduction in SNR was due to the differential nature of measurement. Comparing the output of the modules causes no change in sensitivity but increases the noise by a factor of √2. Ignoring the increase in noise, the SNR is reduced to 5390 as a result of heat conduction to the upstream thermopile. Relaxing both assumptions, allowing heat loss through the air and with sensors upstream and downstream of the muscle, gives a SNR of 3530.
The thermopiles listed in table I were examined using finite element modeling, with the results shown in table II. The general trends are similar to the analytical predictions but have much smaller SNRs, partly due to the reasons discussed above. Additionally, size constraints impact the achievable SNR. For example, the analytical model predicted that the Laird OT080203 would have a response between that of using one and two of the Watronix inbM1-8-1.3-0.4 modules. This was not observed using the finite element model. The probable cause of the reduced SNR of the Laird module was the size constraints on the measurement chamber. The Laird module was longer than the Watronix, so the upstream and downstream modules had to be closer together, resulting in more heat transfer to the upstream sensor.
In practice, the amplifiers used to measure the output of the thermopiles inject noise. Consequently, the amplifier-limited SNR must also be considered. Measurements were to be made using Keithley 2182A nanovoltmeters. These had an underlying noise of 6 nV which increases to 8 nV for a source resistance of 100 Ω. The SNR is dramatically reduced as a result but, once again, the Watronix inM1-8-1.3-0.4 module was predicted to have the highest SNR.
III. EXPERIMENTAL METHODS
Validation experiments were performed by constructing a microcalorimeter with one Laird OT080203 thermopile at each end. A gravity feed system was used to ensure a steady flow rate of 0.5 µl/s, measured using a mass balance (Mettler Toledo NewClassic MS). The thermopile output was measured using Keithley 2182A nanovoltmeters, which were polled at 10 Hz. The output of the mass balance and the nanovoltmeters were read via a USB/GPIB interface and processed using National Instruments LabVIEW.
The sensitivity was found by measuring the thermopile output in response to a known heat source. A 1 kΩ surfacemount resistor (0402 package) was used as the heat source and all applied electrical power was assumed to be dissipated as heat within the resistor. The resistor was attached to a 0.7 mm outer diameter borosilicate capillary and positioned in the center of the measurement chamber.
The noise was measured in the absence of any heat source. Ten 100 s long signals were recorded and their power spectral densities calculated. The resulting power spectral densities were averaged and the RMS magnitude of the resulting signal was calculated over a 5 Hz bandwidth to find the voltage noise.
IV. RESULTS AND CONCLUSIONS
The experimentally-determined sensitivity of the calorimeter was 0.149 V/W at a flow rate of 0.5 µl/s. The finite element model predicted a sensitivity of 0.120 V/W. The lower predicted sensitivity may be because the heat source is modeled as a muscle. The length of the muscle (as compared to the resistor) means it is in closer proximity to both the upstream and the downstream sensors. Heat conduction to the upstream sensor therefore may reduce the predicted temperature change. The analytical model, by comparison, predicted a sensitivity of 0.217 V/W. Over a 5 Hz bandwidth the RMS magnitude of the noise power spectrum was 7.92 nV, which corresponds to 53 nW. The SNR for a 10 µW signal is therefore 190. This compares well with the amplifier-limited SNR of 140 predicted by the finite element model. The observed SNR is higher than that predicted by the model due to the lower predicted sensitivity and the better-than-specified noise performance of the nanovoltmeter.
The resolution over a 1 Hz bandwidth was 24 nW. Focusing on maximizing the SNR rather than the sensitivity therefore has resulted in a two-fold increase in resolution over previous thermopile-based for heat balance calorimeters [11] .
V. FUTURE WORK
The SNR was 190 at a flow rate of 0.5 µl/s over a 5 Hz bandwidth. The predicted SNR of the ABI calorimeter with these parameters is 140 [12] . Some improvement of the SNR was seen, further improvement could be achieved by using Watronix inbM1-8-1.3-0.4 modules. Using a single Watronix module could nearly double the SNR and by using three modules, a four-fold increase in SNR could result.
The SNR is primarily limited by noise from the measurement system rather than the inherent Johnson noise of the chips. In particular, the noise from the nanovoltmeters limited the obtainable resolution. The thermopiles considered have resistances on the order of one ohm, requiring matching instrumentation to fully realize the potential for reduced noise. Work is underway to implement a measurement system based on the EM Electronics model A10 amplifier, which is specified to 1.8 nV RMS noise for differential measurements under our experimental conditions. These should allow the SNR to be increased to 1300 using a single Watronix inbm1-8-1.3-0.4 module, or to 2700 with three of these modules.
